A bidirectional transient voltage suppressor (TVS) Zener diode was fabricated with abrupt junctions using the low-temperature epitaxy process. The effects of various electrostatic discharge (ESD) stresses on the electrical properties are demonstrated, such as the currentvoltage (IV) and 1/f noise power spectral density (PSD). Very sharp and uniform bidirectional multi-junctions result in good symmetric IV behavior over a wide range of operating temperatures of 300450 K. The differential resistance in the breakdown region is only 0.2 ³, and the reverse leakage current density is completely suppressed to 1.5 © 10 ¹4 A/m 2 . The thermal activation energy obtained from the Arrhenius plot is nearly equal to half the band gap of Si, indicating that the reverse leakage current is dominated by thermal generation at the depletion edges for the entire reverse bias regions. The manufacture bidirectional TVS devices exhibit excellent ESD robustness, regardless of the stress conditions of the human body model and electrical fast transient. However, a «4.5 kV machine model and «13 kV IEC61000-4-2 stresses led to severe damage of the epitaxially grown junction, resulting in rapid increases in both the reverse leakage current and 1/f noise PSD. 
Introduction
Electrostatic discharge (ESD) is a well-known transient threat to sensitive integrated circuit (IC) components. 13) Common ESD events lead to permanent device damage associated with the breakdowns of junctions, metal interconnects and dielectrics, caused by high current transients and high voltage overstress, resulting in the malfunction of IC chips. IC dimensions have been continuously scaled down to realize higher package density, faster operation speed and lower power dissipation. As such, ICs are more vulnerable than before to the damaging effects associated with ESD events. 1, 4) Moreover, ESD continues to be the primary cause of poor reliability in IC components. It was reported that approximately 35% of total IC failures are related to ESD, incurring tremendous annual costs to the IC industry. 5, 6) Therefore, dedicated ESD protection devices are required to protect IC chips against ESD damage. Among the various transient voltage suppressor (TVS) technologies as summarized in Table 1 , the non-snapback TVS device like the TVS diode has received much attention close to an ideal TVS device, due to the simple structure and good performance characteristics, such as lowest leakage current, clamping voltage and dynamic resistance. Generally, the conventional TVS devices are constructed with reverse-biased pn junctions designed to breakdown at a well-controlled voltage, and operate in the avalanche condition. 12) However, the large leakage current and capacitance make them unsatisfactory for high-performance technology applications. 13, 14) Furthermore, the conventional TVS devices are focused only unidirectional devices, despite the fact that ESD can have either a positive or negative current/voltage waveform. Therefore, the bidirectional TVS device has emerged to ensure the reliability of the protective component.
We have fabricated a bidirectional TVS Zener diode with epitaxial Si layers consisting of very sharp planar junctions, and investigated the effects of ESD on its electrical properties. In particular, the currentvoltage (IV) and 1/f noise properties were analyzed in conjunction with ESD stresses to understand the failure process and correlate them to noise protection. It is shown that the manufactured TVS Zener diode is very promising, with a low differential resistance, good thermal stability and strong ESD protection capability.
Experimental Procedures
The proposed bidirectional TVS diode consisted of the pnp structure as the main part to avoid the snapback phenomenon compare the npn structure, as shown in Fig. 1(a) . 15) Although the snapback phenomenon can achieve low clamping voltage, the low holding voltage below power supply voltage is still main problem. 8) In addition, a very thin and heavily doped n ++ epilayer enabled IV curves steep rise after breakdown, resulting in small dynamic resistance value and the improvement of ESD performance. Therefore, the p-type (100) Si wafer with a resistivity of 0.003 ³·cm was used as a starting material. In addition, the bidirectional breakdown voltage was control by doping and thickness in multi-junction. To form an abrupt planar junction with a doping gradient of >5 © 10 25 cm
¹4
, thin Si films with various doping conditions were epitaxially grown using reduced-pressure chemical vapor deposition (RPCVD). The p-and n-type epitaxial Si layers in the junction were formed in-situ by the addition of diborane (B 2 H 6 ) and phosphine (PH 3 ) gases during the deposition, respectively. To minimize the degradation of device performance caused by the nonuniform local electric field concentrated in the SiO 2 /Si interfaces associated with a linearly-graded junction formed by the conventional high-temperature drive-in process, the RPCVD process was performed at low temperatures of 600 800°C. For the same reason, based on the well-established complementary metaloxidesemiconductor (CMOS) technology, the process temperature for the fabrication of a bidirectional TVS Zener diode was maintained below 800°C. In order to form a top contact electrode, 100-nm-thick Au film was deposited by means of an e-beam evaporator, followed by patterning with a 140 © 140-µm 2 square shape using lift-off lithography. The details of the device structure and fabrication process for a bidirectional TVS Zener diode can be found elsewhere.
16) The IV characteristics were analyzed using a parameter analyzer (Agilent 4156C). The ESD properties and reliably of the manufactured TVS diode were analyzed using an ESD simulator (NoiseKenESS-6008), which can supply an output voltage of up to «8 kV in a human body model (HBM) and machine model (MM). An ESS-2000 with a discharge gun TC-815R and FNS-AXII were used for the IEC61000-4-2 and IEC61000-4-4 standard analyses, respectively. For convenience, IEC61000-4-2 and IEC61000-4-4 are referred to here as IEC and electrical fast transient (EFT), respectively. The 1/f noise power spectral density (PSD) was measured using the experimental setup shown in Fig. 1(b) , which consists of a low-noise current amplifier (SR570) and a spectral analyzer (Agilent 35670A).
The HBM and MM tests referred as ESD simulator models represent the effect of statistic charges created by human body and machine discharge on electronic components. Generally, human bodies and machine components are charged by walking across a carpeted floor or removing a sweater, and by rubbing insulative materials during their operation, respectively. 17) Meanwhile, IEC61000-4-2 and IEC61000-4-4 are part of a larger family of IEC 61000-4 (IEC: International Electrotechnical Commission) defined as the performance required of all electronic devices in a variety of electromagnetic interference (EMI) conditions. The IEC was developed from HBM, which is referred as the minimum ESD level of acceptable performance required on all electronic devices sold into the European Union.
18) The EFT test simulates the effect of the burst of very fast pulses on electronic components, which is created by switching circuits, such as relay contact bounce and some air contactors when interrupting inductive-capacitive loads. 19) To understand the difference of each ESD models, all ESD waveforms used here were shown in Fig. 1(c) . 20, 21) 3. Results and Discussion Figure 2 represents the IV characteristics of a bidirectional TVS Zener diode measured at temperatures in the range of 300450 K. Generally, a bidirectional TVS Zener diode can be described as two unidirectional TVS diodes in back to back contact, i.e., one works in forward bias and another is reverse bias. When applied voltage or transient voltage like ESD is larger than breakdown voltage of TVS diode, the reverse biased one suddenly shows breakdown in avalanche breakdown mode, resulting in passing extra transient current to ground. For all temperatures, the device shows good symmetric IV behavior without degradation of the device performance. The increase in temperature led to an insignificant change of the breakdown voltage, the value of which is ³«19 V at 10 2 A/m 2 . Since the carriers in the semiconductor follow Boltzmann statistics, the reverse leakage current density increased with increasing temperature. However, regardless of temperature, the reverse leakage current density was kept at less than 10 A/m 2 at «15 V. This small reverse leakage current is essential to assure the improvement in reliability, noise performance and ESD robustness of the TVS device. The temperature Converted from TLP to IEC 61000-4-2 (1 A TLP µ 600 V IEC). 11) coefficients of the breakdown voltage and the reverse leakage current were measured to be ³10 ¹3 V/K and ³3.42 © 10 ¹3 A/m 2 ·K (at ¹10 V). These values are reasonable, because Zener breakdown occurs correspondingly in the switching regime from the tunneling mode to the avalanche multiplication mode. 22) The temperature dependence of the reverse leakage current can provide useful insight into the leakage mechanism. The temperature dependence of reverse current I r can be described by:
where k is the Boltzmann constant, E a is the activate energy of the junction and T is the absolute temperature. The slope of an Arrhenius plot of log 10 I r (T)/T 3 versus 10 3 /T yields the activation energy E a . 23) The activation energy of the reverse leakage current should in principle be close to the Si band gap E g or E g /2 in diffusion or recombination-dominated regimes, respectively. 24) Figure 3 shows the Arrhenius plot of the reverse leakage current of a bidirectional TVS Zener diode measured at various reverse biases in a temperature range of 300450 K. Irrespective of the reverse biases, the values of activation energy determined from the slope of the Arrhenius plots ranged from 0.56 to 0.57 eV, which are nearly equal to E g /2. This result clearly indicates that the reverse leakage current of the bidirectional TVS Zener diode was dominated by thermal generation at the depletion edges for the entire reverse bias regions. The generation and recombination of carriers from generation-recombination centers in the space charge region of a pn junction in the present device could be a main contribution to carrier conduction in reverse bias.
The differential resistance (R z = dV/dI) in the breakdown region is one of the most important parameters of the TVS device. A low differential resistance guarantees low clamping voltages and minimizes the resistive Joule heating with strong and rapid ESD surges. Moreover, the high differential resistance leads to unstable current drivability. Figure 4 presents the plots of differential resistance as a function of reverse current obtained from the IV characteristics in the temperature range of 300450 K (Fig. 2) . With increasing temperature, the differential resistances gradually increased. For instance, the differential resistances near the breakdown voltage were less than 1 and 30 ³ at 300 and 450 K, respectively. These values are quite low compared to those of a conventional Zener structure with linearly graded junctions formed by high-temperature diffusion process. 16) The very low differential resistance obtained from the present device could be attributed to abrupt junctions with a doping gradient of >5 © 10 25 cm ¹4 formed by the epitaxial growth. Figure 5 presents the IV characteristics of a bidirectional TVS Zener diode measured at room temperature after the application of various ESD stresses. The manufactured TVS device was subjected to 10 discharges of both positive and negative polarities with 1 s time intervals for MM, HBM and IEC tests. For the evaluation of EFT immunity, a number of unidirectional EFT pulses with a constant voltage of +4.5 kV were applied to the TVS device. It is clear that the TVS device exhibits excellent strength against HBM stress (Fig. 5(a) ). Almost identical IV behaviors were observed even after the HBM pulses with both positive and negative polarity at «8 kV (maximum supply voltage). As for the EFT test (Fig. 5(b) ), the increase in the numbers of EFT pulses led to a gradual increase in the reverse leakage current density. For instance, the reverse leakage current densities measured at ¹10 V were respectively found to be 1.32 © 10 ¹4 and 2 © 10 ¹3 A/m 2 before and after applying 10 6 EFT pulses. Although the EFT stress led to the degradation of device performance to some extent, the reverse leakage current density level was still maintained below 10 ¹1 A/m 2 . This implies that the TVS device demonstrated here has sufficient reverse leakage current margins for device application. Similarly, the TVS device was capable of withstanding «4.0 kV MM and «12 kV of IEC without degradation of the IV characteristics, as shown in Figs. 5(c) and 5(d), respectively. However, both «4.5 kV MM and «13 kV IEC caused a rapid increase in the reverse leakage current density, indicating a typical electrical failure signature. The scanning electron microscope (SEM) results (insets of Figs. 5(c) and 5(d)) showed that the application of either «4.5 kV MM or «13 kV IEC incurred the creation of pinholes surrounded by refrozen features on the metal electrode. This indicates that the epitaxially grown junction was severely damaged by «4.5 kV MM or «13 kV IEC, which could be responsible for the device failure. The ESD immunity of the bidirectional TVS Zener diode was also confirmed by low-frequency noise measurement, which is a valuable diagnostic tool to assess the reliability of semiconductor active devices. 2528) Figure 6 exhibits the plots of 1/f noise PSD as a function of the frequency of the bidirectional TVS Zener diode measured before and after various ESD stresses. Similar to the ESD stress-dependent IV characteristics (Fig. 5) , the manufactured TVS device showed excellent 1/f noise properties for HBM and EFT tests, as shown in Figs. 6(a) and 6(b), respectively. For instance, the 1/f noise PSD remained unchangeable (³10 ¹19 A 2 /Hz at a frequency of 100 Hz) even after maximum HBM and EFT stresses. On the other hand, as shown in Figs. 6(c) and 6(d), the 1/f noise PSD changed insignificantly up to «4.0 kV MM and «12 kV IEC, and then increased rapidly. Such a large increase in the 1/f noise PSD could be associated with the defect-induced noise at the trap-and-detrap centers, when considering damaged features on of the present device produced by «4.5 kV MM and «13 kV IEC (insets of Figs. 5(c) and 5(d)).
Conclusion
A bidirectional TVS Zener diode was fabricated with an epitaxially grown abrupt junction, and its ESD performance was demonstrated using IV characteristics and 1/f noise PSD. Due to the planar junctions achieved using lowtemperature epitaxial growth technology, the reverse leakage current density and differential resistance in the breakdown region can be suppressed to 1.5 © 10 ¹4 A/m 2 and 0.2 ³, respectively. The manufactured TVS device presented an excellent ESD robustness against «8 kV HBM and 10 6 EFT pulses of 4.5 kV without degradation of the IV and 1/f noise characteristics. On the other hand, «4.5 kV MM and «13 kV IEC resulted in critical damage to the epitaxially grown junction, which could be responsible for the large increases in reverse leakage current and 1/f PSD.
